Abstract Classical ballet is an art form requiring extraordinary physical activity, characterised by rigorous training. These can lead to many overuse injuries arising from repetitive minor trauma. The purpose of this paper is to report our experience in the diagnosis and treatment of stress fractures at the base of the second and third metatarsal bones in young ballet dancers. We considered 150 trainee ballet dancers from the Ballet Schools of "Teatro Alla Scala" of Milan from 2005 to 2007. Nineteen of them presented with stress fractures of the base of the metatarsal bones. We treated 18 dancers with external shockwave therapy (ESWT) and one with pulsed electromagnetic fields (EMF) and low-intensity ultrasound (US); all patients were recommended rest. In all cases good results were obtained. The best approach to metatarsal stress fractures is to diagnose them early through clinical examination and then through X-ray and MRI. ESWT gave good results, with a relatively short time of rest from the patients' activities and a return to dancing without pain.
Introduction
Classical ballet is a popular but physically high demanding activity. As most repetitive activities, overuse injuries are relatively common in classical ballet dancers. As reported by many authors, 50% of all sports injuries are secondary to overuse [1] . The most common overuse injuries involve the lower leg (20%), ankle (15%) and foot (15%) [1] [2] [3] . Overuse can alter the biological and biomechanical properties of the bone and its cellular composition, leading to a mismatch between overload and recovery. Two important risk factors can be distinguished, namely, intrinsic and extrinsic.
Intrinsic factors are related to the physical characteristics of the athlete and include malalignments, muscle imbalance, inflexibility, weakness and instability [4] . Some other factors may exist such as high longitudinal arch of the foot, leg-length inequality, and excessive forefoot varus [3] . Amenorrhea was found to be an important risk factor in the development of stress fractures in females [5] , as reported also by Bennel [6, 7] and Marcus [8] .
Extrinsic factors include poor technique, improper equipment, and improper changes in training [4, 9] .
The most common overuse lesions of the foot are stress fractures and soft tissue problems. A stress fracture can be a partial or a complete interruption of the bone that results from a repeated force lower than the force required to fracture the bone in a single load [6] . Stress fractures located closer to the shaft of the metatarsal bones are very common overuse injuries in the general population, but stress fractures localised in the base of the second or third metatarsals are a prerogative of ballet dancers. Micheli et al. [10] first wrote about stress fractures at the base of the second metatarsal in ballerinas in 1985. The largest series was published in 1996 by O'Malley, who reported 64 fractures treated nonoperatively [11] . The extreme plantar flexion of the foot and ankle for en pointe position and the unique locking configuration of the second metatarsal and cuneiforms have been proposed as causes of this injury [10, 12, 13] . Frequently the diagnosis is delayed because the description of pain is ill defined, minimal swelling is present, physical examination findings are often indeterminable and plain radiography is usually negative [11] . In this paper, we describe our experience in the diagnosis and treatment of stress fractures at the base of the second and third metatarsals in young trainee ballet dancers.
Materials and methods
We considered 150 trainee ballet dancers (80 males, 70 females) belonging to the Ballet Schools of "Teatro Alla Scala" of Milan, aged between ten and 21 years. From September 2005 to September 2007, a database was created retrospectively by collecting clinical examinations and imaging studies of the dancers (informed consent had been previously obtained).
Nineteen dancers (nine males, ten females) presented stress fractures in the base of the metatarsal bones ( Table 1) . The average age of the patients was 16.4 years (range 14-20 years). All the males and seven female ballet dancers had a fracture of the second metatarsal base, while in only three female dancers the fracture was located in the third metatarsal base. All of them complained of gradual onset of pain and/or discomfort unilaterally in the metatarsal region, related to specific foot positions and increased training sessions. After 11 days (range 7-20 days), a standard radiograph was done. The radiographs were negative in ten cases (grade 1 in one dancer, grade 2 in nine dancers [11] ), in eight cases they showed a cortical reaction (grade 3) and only in one case did we notice a stress fracture (grade 4). When a stress fracture was clinically suspected, an MRI was always performed. A CT scan was necessary only on patient no. 2, as the MRI showed a fracture line going through the metatarsal cartilage plate. A stress fracture and intramedullary oedema was always evident on MRI and CT scans. All patients were treated nonoperatively with rest and external shockwave therapy (ESWT). We use medium energy shock waves (Wolf Piezoson 300 lithotripter, with 6.5 MHz ultrasounds; 2,000 pulses 0.06-0.28 mJ/mm 2 , three to five times in a month), depending on clinical and anatomical factors, age of the dancers and type of stress fracture. Dancer no. 2 could not follow ESWT because the stress fracture passed through the growing cartilage of the second metatarsal. We recommended for him pulsed electromagnetic fields (EMF) and low-intensity ultrasound (US) [14, 15] . No cast or hard-sole shoes were required. Whilst the dancers followed the period of rest, they were allowed to perform stretching exercises and isometric exertion without weight bearing. This period generally lasted for three to five weeks after the diagnosis.
We monitored the progress of the patients weekly by testing the tenderness in the area localised over the metatarsal. When local pain lessened, we allowed return to activity gradually, avoiding jumps and pirouette en pointe. Resolution of tenderness is considered the indicator for return to normal activities and dancing, with completely pain-free movements. Pointe and demi-pointe work was permitted only if the patients were pain-free. An MRI was performed one month after the end of the treatment proposed in this paper in order to assess the healing process of the bone.
Results
At 2.2 years mean follow-up (range 1.3-3.3 years) all dancers healed without any midfoot pain. Shockwave therapy allows dancers to return to practice about 4.6 weeks (range 3-5.3 weeks) after the first application. Dancer no. 2 had a good result, with a return to dancing in 11 weeks. Even if the dancers were completely pain-free, we recommended they return to dancing gradually. All of the dancers returned to full activities after a mean time of 18 days (range 14-23 days) following the end of treatment (6.3 weeks from the onset of the symptoms) ( Table 1) . No fractures developed nonunion and no refracture occurred.
Discussion
Metatarsal stress fractures represent about 9% of all stress fractures in athletes [14] . In our series, metatarsal stress fractures affected about 12.6% of the ballet dancers who had not yet reached skeletal maturity. Some authors reported that metatarsal stress fractures are common in military recruits with leg-length discrepancy [3] . In particular, a leg-length discrepancy of >0.5 cm was reported in 70% of women with stress fractures, compared with only 37% of women without stress fractures [16] . Other biomechanical characteristics related to a higher risk for stress fractures include external hip rotation greater than 65°, forefoot varus, and poor ankle joint dorsiflexion [7, 9] . A hard training surface is another risk factor for developing these lesions. We think that nutritional factors have a great role in determining stress fractures in ballerinas because of the implications for bone density [17, 18] . Different authors [7, 16, 18, 19] identified a "female triad": eating disorder, amenorrhea and osteoporosis. Foot architecture in combination with other biomechanical factors play a crucial role in the development of stress fractures in young dancers. In our series (Table 1) , leg-length discrepancy was noted in seven dancers. We think that leg-length discrepancy does not play a great role because dancers perform "demi-pointe" and "en-pointe", so they balance their discrepancy with a different plantar flexion of the ankles. In our opinion, poor plantar flexion of the foot is a condition that can predispose to stress fracture because the dancers perform pointe work with a so-called "over-pointe" foot ( Fig. 1) . We also observed stress fractures in ballerinas with a pronated foot or with an "over-pointed" foot. In an "over-pointed" foot, the pointe is built at the tarsometatarsal level, so that an excessive strain is placed on the capsules and ligaments of the dorsum of the foot. This is due to the fact that the line of the centre of gravity falls in front of the toes. Because great stress is applied at the tarsometatarsal joints, a stress fracture can occur in this region. Fig. 1 A so-called "over-pointe" foot Furthermore, the ballerinas in our series had menstrual abnormalities and low body weight three to six months before the onset of symptoms. The males reported that they developed stress fractures when they intensified their activities, with a lot of time spent in pointe, demi-pointe work and jumps, and had a body weight loss in the previous three months.
Early diagnosis is essential to avoid a prolonged delay of return to dancing [20] . We noticed that patients complained of an insidious onset of pain over a period of several days or weeks. Initially, the pain occurred only during activity and resolved with rest. Continuation of activity is associated with a progression of pain that becomes constant. This usually occurs seven to 20 days after the first onset of pain [21] . The dancer should be questioned about the nutritional history, training program, type of shoes and dancing surface, recent trauma and menstrual patterns. Changes in type, duration, or frequency of activity are very important risk factors. At physical examination we observed tenderness on the metatarsal and, sometimes, percussion at a distance from the suspected site of a stress fracture caused transmission of pain to the fracture site. Although a stress fracture can usually be suspected on the basis of the clinical examination, an X-ray should always be performed. It should, however, be borne in mind that radiographs can be normal for the first two to three weeks after the onset of symptoms. Sometimes it is possible to see a cortical reaction, a cortical lucency or even a small fracture line at the base of the metatarsal bone. When a fracture is suspected, an MRI or a CT scan should be performed [20, [22] [23] [24] . MRI and CT confirm the diagnosis as early as two to eight days after the onset of symptoms. A CT scan can be useful to accurately localise the fracture line (Fig. 2) [23] . MRI is a sensitive and specific investigation and we prefer it because this technique does not require irradiation and can be used frequently during the follow-up of patients (Fig. 3) . Moreover, we prefer MRI when we compared it with the bone scan scintigraphy because it is not an invasive investigation and does not require the use of a radioactive tracer. The MRI done one month after the end of treatment showed a decreased intramedullary oedema and the presence of fibrous tissue in the stress fracture site.
Few series published in the orthopaedic literature report a quick recovery of these fractures after nonoperative treatment [10, 11, 25] . In a series of 64 stress fractures of the base of the second metatarsal, all healed with conservative care. The patients were all classical ballet dancers [11] . If nonoperative management fails, surgery seems to give good results in most patients as reported by Sarimo et al. [26] .
In conclusion, few studies of stress fractures in ballet dancers with immature skeletal systems have been published. The diagnosis of stress fracture is often delayed because of the gradual onset of symptoms and typically negative radiographs taken in the early phase [21] . When it is suspected, an MRI should be performed. The MRI should be considered the gold standard in confirming the diagnosis [20, 22] , and CT scans should only be performed to pinpoint the location of the stress fracture. We believe that type of work (pointe), foot architecture (pronated foot, lack of ankle plantar flexion, and over-pointed foot), and menstrual patterns or diet habits are the most important causes of metatarsal stress fractures even in young dancers with elastic and deformable bone. When a stress fracture is diagnosed, rest should be recommended and, if possible, external shock wave therapy should be used. In our experience, medium energy external shockwave therapy always gives good results in young dancers. If properly diagnosed and treated early, stress fractures do not recur, and they only entail a relatively short period of rest from the patients' activities.
